The as-deposited AgO x prepared at an oxygen flow ratio of 0.5 consisted of Ag 2 O and AgO phases. During thermal annealing, the reduction of AgO into Ag 2 O, decomposition of Ag 2 O into Ag and O 2 , and out diffusion and aggregation of decomposed Ag would take place successively. The chemical decomposition of AgO x film sandwiched between two ZnS-SiO 2 protective layers was confirmed to be an irreversible process. As being irradiated by a high power laser pulse similar to the recording process, a hollow Ag cylinder, or ring, serving as an aperture, was formed in the AgO x mask layer, and small Ag particles, serving as light-scattering centers, were precipitated in the center region. During the readout process, the small aperture can significantly reduce the readout laser spot size, while the strong near-field interaction between precipitated Ag particles and sub-wavelength marks can effectively enhance the readout signal. That elucidates the recording and readout mechanisms of super-resolution near-field structure disk with an AgO x mask layer.
Introduction
The super-resolution near-field structure (super-RENS) disk, adopting AgO x as a non-linear optical layer, has been proposed by Tominaga et al. [1] [2] [3] for high-density optical data storage. Although they have successfully recorded and retrieved the small marks beyond the resolution limit, the recording and readout mechanisms are still unclear. Initially, they suggested that nano-sized Ag particles are generated in a small area through chemical decomposition of AgO x during readout by a laser of adequate power, and a localized surface plasmon coupling effect occurs between the precipitated Ag particles and the sub-wavelength marks in a closely spaced recording layer that yields strong near-field intensity and improves the signal intensity. 4, 5) After the laser beam is removed, Ag and oxygen form the AgO x compound again. According to their suggestion, the chemical decomposition of AgO x layer was assumed to be a reversible process and only the readout process was taken into consideration. However, the effect of a high power laser on the AgO x layer during the recording process was totally ignored. It appears that this mechanism cannot completely elucidate the recording and readout processes of the super-RENS disk. Recently, Kikukawa et al. 6) proposed new recording and readout mechanisms for the super-RENS disk with a silver oxide layer, where they found a recording mark was formed by the deformation of the layers due to the explosion of AgO x by chemical decomposition during recording, and the Ag particles which irreversibly precipitated simultaneously, were considered to be the origins of the super-resolution readout. But these mechanisms are still not able to explain the dependence of carrier to noise ratios (CNR) of sub-wavelength marks on the recording power. Nevertheless, it is undoubted that the structural phase transition of the AgO x layer during chemical decomposition plays an important role in the recording and readout mechanisms of the super-RENS disk.
In this article, we carefully studied the structural phase transition of AgO x film sandwiched between ZnS-SiO 2 protective layers under thermal and laser pulse annealing. A super-RENS disk was also prepared and tested by an optical disk drive tester. Based on the experimental results, new recording and readout mechanisms of the Super-RENS disk with AgO x layer were proposed.
Experimental Procedure
A ZnS-SiO 2 /AgO x /ZnS-SiO 2 multilayer was deposited on silicon and glass substrates. The AgO x film of 15 nm in thickness was prepared by RF reactive magnetron sputtering of a pure Ag target in Ar/O 2 plasma, where the flow ratio of O 2 /(O 2 +Ar) was controlled at 0.5. The ZnS-SiO 2 protective layers with a thickness of 20 nm were prepared by RF magnetron sputtering of a (ZnS) 80 (SiO 2 ) 20 target. The chemical decomposition process of the ZnS-SiO 2 /AgO x / ZnS-SiO 2 multilayer was monitored by a reflectivitytemperature measuring system where the change of reflectivity with temperature was recorded in real-time during a heating and cooling cycle. The specimen was mounted on a Linkam THMS 600 heating stage in an argon protective atmosphere, and heated to 300 C at a heating rate of 50 C/ min and then cooled down to room temperature. A Hitachi UV-visible spectrophotometer (U-3010) was used to measure the transmittance of the as-deposited and annealed ZnSSiO 2 /AgO x /ZnS-SiO 2 multilayer. The structural phase transition of AgO x film sandwiched between protective layers after chemical decomposition was identified by the grazing incident X-ray diffractometer (GIXD) and field emission scanning microscope (FE-SEM). The elemental distributions in the ZnS-SiO 2 /AgO x /ZnS-SiO 2 multilayer before and after annealing at 200 C for 3 min were analyzed by the depth profile of secondary ion mass spectroscopy (SIMS). A Super-RENS disk with a layer structure of ZnS-SiO 2 (170 nm)/AgO x (15 nm)/ZnS-SiO 2 (20 nm)/ Ge 2 Sb 2 Te 5 (20 nm)/ZnS-SiO 2 (40 nm) was also prepared and tested by an optical disk drive tester (DDU-1000) with a wavelength of 635 nm and a numerical aperture of 0.6. The theoretical resolution limit was about 270 nm. After performing a series of dynamic tests, optimal writing and reading powers were determined. The ZnS-SiO 2 / AgO x /ZnS-SiO 2 multilayer was then irradiated by a blue laser pulse with a wavelength of 405 nm and a power corresponding to the optimal writing power for the Japanese Journal of Applied Physics Vol. 43, No. 11A, 2004, pp. 7519-7523 #2004 The Japan Society of Applied Physics duration of 1 ms, and examined by transmission electron microscopy (TEM). Figure 1 shows the reflectivity variation of the ZnS-SiO 2 / AgO x /ZnS-SiO 2 multilayer with temperature during a heating and cooling cycle. It is seen that the reflectivity versus temperature curve exhibited a reflectivity drop at the temperature range between 150 and 190 C during the heating process, corresponding to the occurrence of chemical decomposition of AgO x into Ag and O 2 . The chemical decomposition temperature, which was defined as the temperature at the midpoint of reflectivity change, of the AgO x film prepared at an oxygen flow ratio of 0.5 was determined to be approximately 171 C. Similar decomposition temperature was also found in the AgO x film without protective layers by Shima and Tominaga. 7, 8) As the temperature was cooled down back to room temperature, the reflectivity of the multilayer remained unchanged, indicating the chemical decomposition of AgO x film sandwiched between ZnS-SiO 2 protective layers was an irreversible process, which was conflicting with Fukaya et al.'s argument that the chemical decomposition of AgO x film becomes reversible in confining the film between protective layers, based on the observation of index change. 9) To study the structural phase transition of AgO x sandwiched between ZnS-SiO 2 protective layers during chemical decomposition, the ZnS-SiO 2 /AgO x /ZnS-SiO 2 multilayer was examined by GIXD after annealing at 200 C for 3 min. Figure 2 shows the GIXD diffraction patterns of the asdeposited and annealed ZnS-SiO 2 /AgO x /ZnS-SiO 2 samples. It is evident that Ag 2 O and AgO phases were found in the as-deposited multilayer, whereas only Ag was detected after annealing. Since Ag 2 O is more stable than AgO, we believe that the reduction of AgO into Ag 2 O, the decomposition of Ag 2 O into Ag and O 2 , and the aggregation of decomposed Ag were taking place successively during thermal annealing. However, those reactions were irreversible when the temperature dropped back to room temperature. Similar decomposition process has also been reported by Buchel et al. 10) and Kolobov et al., 11) deduced from the refractive index changes and through the X-ray absorption fine structure (XAFS) study, respectively. To further verify the irreversibility of chemical decomposition of AgO x film sandwiched between ZnS-SiO 2 protective layers, the room temperature depth profiles of Ag, O, Zn, S and Si in the ZnS-SiO 2 /AgO x /ZnS-SiO 2 multilayer before and after annealing at 200 C for 3 min were analyzed by SIMS, as shown in Fig. 3 . In the asdeposited state, AgO x layer was clearly sandwiched between two ZnS-SiO 2 protective layers. After annealing at 200 C for 3 min, Ag element was found to diffuse outward to the protective layers and the secondary ion counts of O could hardly be detected throughout the whole sample. As we closely examined the annealed sample by FE-SEM, metallic Ag particles with tens of nanometers in size due to the out diffusion of Ag element, were clearly observed on the surface of the ZnS-SiO 2 protective layer, as shown in Fig. 4 . These evidences strongly support that the chemical decomposition of AgO x film sandwiched between protective layers is an irreversible process. Kikukawa et al. also reported the irreversible precipitation of Ag particles in the AgO x mask layer of the super-RENS disk after recorded by a write power of 10.5 mW and read by a readout power of 4.0 mW at a linear velocity of 6 m/s. 6) For that reason, the readout principle of the super-RENS disk, based on the reversible precipitation of Ag particles in the AgO x mask layer, maybe in doubt. Figure 5 (a) and 5(b) shows the transmittance and absorptance spectra of the ZnS-SiO 2 /AgO x /ZnS-SiO 2 multilayer before and after annealing at 200 C for 3 min. It appears that the ZnS-SiO 2 /AgO x /ZnS-SiO 2 multilayer exhibited a substantial increase in transmittance and a significant decrease in absorptance in the visible region after chemical decomposition. Two absorption peaks were found in the spectra at around 300 and 550 nm, and the redshifts were observed after annealing due to the formation of Ag particles after AgO x decomposition. Shima and Tominaga also reported the same redshift trend in the transmittance spectra of the singlelayered AgO x film before and after annealed at 600 C. However, the absorption peak was found at around 400 nm in their spectrum. 8) Although the absorption peak was found in the annealed ZnS-SiO 2 /AgO x /ZnS-SiO 2 multilayer, the absorption intensity was relatively low that would only slightly affect the readout intensity of the super-RENS disk. Accordingly, the effect of the localized surface plasmon resonance (LSPR) absorption of Ag particle formed would not be taken into account in the readout mechanism. At ¼ 650 nm, the transmittance of the ZnS-SiO 2 /AgO x / ZnS-SiO 2 multilayer was about 45% in the as-deposited state, and increased to 60% after chemical decomposition, while the absorptance was about 34% in the as-deposited, and decreased to 22% after annealing. That means only 0:21 Â R r of the incident light intensity, where R r is the reflectivity of the recording layer, would be reflected from the recording layer when the AgO x mask layer was in the asdeposited state, and the reflection light intensity would be increased to 0:36 Â R r as the AgO x mask layer chemically decomposed into Ag and O 2 . Figure 6 (a) shows the dependence of CNR on readout power at the mark size of 200 nm in the super-RENS disk. Here, the optimal writing power was set to be 14 mW. It was found that CNR of the super-RENS disk initially increased with the readout power, and reached a maximum value at the readout power of 3.5 mW. As the readout power was further increased, CNR of the disk started to decrease. Figure 6(b) shows the dependence of CNR on mark size in the super-RENS disk. CNRs of 32 and 15 dB were obtained at the mark size of 150 and 100 nm, respectively, which were well below the theoretical resolution limit, showing the strong superresolution properties in the super-RENS disk. To explore the possible recording and readout mechanisms for the super-RENS disk, the effect of irradiation by a high power laser pulse during the recording process, on the structural phase transition of the ZnS-SiO 2 /AgO x /ZnS-SiO 2 multilayer were examined. Figure 7 shows the TEM image of the ZnSSiO 2 /AgO x /ZnS-SiO 2 multilayer after irradiation by a blue laser pulse of 7 mW for the duration of 1 ms. The blue laser power was chosen to be 7 mW so that the power received per unit area on the sample is equal to that irradiated by a 14 mW red laser with a wavelength of 635 nm. It was seen that a hollow Ag cylinder, or ring, serving as a small aperture, was formed in the ZnS-SiO 2 /AgO x /ZnS-SiO 2 multilayer, after irradiation by a 7-mW blue laser pulse, meanwhile nanosized Ag particles, serving as light-scattering centers, were precipitated in the center region of the cylinder. Ho et al. have reported similar ring and dot structures in the AgO x film on the glass/ZnS-SiO 2 substrate.
Results and Discussion
12) However, in their experiment, the small Ag dot was formed in the case of lower input laser pulse energy, while the Ag ring structure was formed in the case of higher input laser pulse energy. Those are different from the Ag cylinder, or ring filled with nano-sized Ag particles found in our experiment. The formation of the Ag cylinder and the precipitation of Ag particles can be contributed to the decomposition of Ag 2 O into Ag and O 2 , and the migration of small Ag particles to the periphery of the irradiated region. It is expected that the small aperture formed during the recording process can significantly reduce the laser spot size during the readout process, while the readout signal can be further improved with the aid of a localized surface plasmon coupling effect between precipitated Ag particles and sub-wavelength marks, which yields strong near-field intensity. 5, 13) As a result, the small marks beyond the resolution limit can be successfully retrieved. Based upon the experimental results, we propose new recording and readout mechanisms for the super-RENS disk, as illustrated in Fig. 8 . 
Conclusions
The chemical decomposition of the AgO x film sandwiched between ZnS-SiO 2 protective layers was found to occur at about 171 C, and confirmed to be an irreversible process. There was a substantial increase in the transmittance of ZnS-SiO 2 /AgO x /ZnS-SiO 2 multilayer after chemical decomposition. The as-deposited AgO x film prepared at a flow ratio of 0.5 consisted of Ag 2 O and AgO phases. During thermal annealing, the reduction of AgO into Ag 2 O, the decomposition of Ag 2 O into Ag and O 2 , and the out diffusion and aggregation of decomposed Ag would take place successively. After being irradiated by a high power laser pulse, a hollow Ag cylinder, or ring, serving as an aperture, was formed in the AgO x mask layer, and small Ag particles, serving as light-scattering centers, were precipitated in the center region. The small aperture formed during the recording process can significantly reduce the readout laser spot size, while the readout signal can be further improved with the aid of a localized surface plasmon coupling effect between precipitated Ag particles and subwavelength marks, which yields strong near-field intensity. That elucidated the recording and readout mechanisms of the super-RENS disk with a AgO x mask layer.
